26 27 Changes in inhibitory connections are essential for experience-dependent circuit 28 adaptations, and inhibitory defects may underlie neurodevelopmental diseases such as 29 autism. Inhibitory axons and their presynaptic boutons can undergo rapid changes, but the 30 molecular mechanisms underlying these dynamics and their role in inhibitory synapse 31 formation are currently unclear. By monitoring inhibitory axons over time in organotypic 32 hippocampal slices, we show that stabilization of presynaptic boutons is the first step in 33 inhibitory synapse formation and that this process is regulated by the guidance protein 34 Semaphorin4D (Sema4D). Sema4D signaling induces inhibitory bouton stabilization within 35 tens of minutes without affecting bouton disassembly. We show that this signaling pathway 36 requires ongoing neuronal activity, and involves activation of receptor tyrosine kinase MET 37 and actin remodeling. Our data indicate that actin plays an important role during synapse 38 formation and demonstrate a novel link between MET, a known autism risk factor, and 39 inhibitory presynaptic dynamics.
INTRODUCTION 41 42 For proper information processing during the ongoing stream of events in life, synaptic 43 connections in the brain are continuously updated. Recent imaging studies have 44 demonstrated that axons and their presynaptic terminals (e.g. boutons) are highly dynamic 45 structures that can rapidly adapt to changes. Intra-axonal exchange of synaptic vesicles 46 occurs between neighboring boutons at a time scale of minutes (Staras, 2007) and entire 47 boutons can appear, disappear and reappear over the course of minutes to hours (Sabo et 48 al., 2006, Wierenga et al., 2008) . These ongoing axonal dynamics are thought to allow quick 49 implementation of synaptic changes in response to activity changes or other environmental 50 signals (Staras, 2007, Frias and . Inhibitory axons appear particularly 51 dynamic (Fu et al., 2012 , Schuemann et al., 2013 , Keck et al., 2011 , Chen et al., 2015 . Rapid 52 inhibitory adaptation can serve as a gating mechanism for plasticity at nearby excitatory 53 synapses, which occurs at a slower time scale (Chen et al., 2015 , Froemke et al., 2007 et al., 2011, Villa et al., 2016) , and this may be an important aspect of circuit development 55 and adaptation (Hensch, 2005 , Froemke, 2015 . We currently do not understand the 56 molecular processes taking place during rapid adaptation of inhibitory axons and how these 57 are regulated. 58 We previously showed that new inhibitory synapses form by the occurrence of new 59 presynaptic boutons at pre-existing axon-dendrite crossings (Wierenga et al., 2008, 60 Schuemann et al., 2013) . The apparently stochastic dynamics of inhibitory boutons during 61 this process seem to contrast with studies in which a local signaling event, such as specific 62 adhesion between the pre-and postsynaptic membranes, is followed by recruitment of 63 presynaptic proteins and synaptic vesicles within minutes (Siddiqui and Craig, 2011, 64 Wierenga, 2016). In studies using heterologous culture systems, presynaptic assembly may 65 occur as a sequential process, but it is important to understand the sequence of events that 66 takes place during synapse formation in intact tissue. 67 The class 4 semaphorin Sema4D has recently been shown to signal rapid changes in 68 inhibitory synapses. Knockdown of postsynaptic Sema4D leads to a reduction in the density 69 of GABAergic synapses (Paradis et al., 2007) , while addition of soluble Sema4D to primary 70 hippocampal cultures induces rapid formation of functional inhibitory synapses (Kuzirian et 71 al., 2013). It was shown that Sema4D acts as a postsynaptic protein and requires only its 72 extracellular domain to induce inhibitory synapses through its receptor PlexinB1 (Kuzirian et   73 al., 2013, Raissi et al., 2013) . However, the Sema4D/PlexinB1 signaling pathway in inhibitory 74 axons is not understood. In neuronal and non-neuronal cells, Sema4D signaling through 75 PlexinB1 induces signal cascades involving small GTPases (Vodrazka et al., 2009 , Oinuma et 76 al., 2004 . Depending on the association of PlexinB1 with receptor tyrosine kinases, different 77 downstream signal cascades can be activated , which can have opposing effects on the actin 78 cytoskeleton (Tasaka et al., 2012 , Swiercz et al., 2002 . It is currently not clear how actin 79 remodeling is linked with signaling molecules at the membrane and synapse formation. 80 In the current study, we examine the link between Sema4D signaling and actin in regulating 81 the dynamics of inhibitory synapse formation. We find that Sema4D signaling regulates 82 stabilization of inhibitory boutons along the axon, one of the early steps in inhibitory 83 synapse formation. We further characterized the molecular pathway of Sema4D-induced 84 bouton stabilization and found that it is activity-dependent, involves actin remodeling, and 85 requires the activation of the receptor tyrosine kinase MET. Our results elucidate an 86 important regulatory pathway of activity-dependent inhibitory synapse formation and 87 identify bouton stabilization by actin remodeling as one of the earliest events in this process.
88

RESULTS
90
We performed time-lapse two-photon microscopy in organotypic hippocampal cultures from 91 GAD65-GFP mice to monitor the dynamics of inhibitory boutons in the CA1 region of the 92 hippocampus (Schuemann et al., 2013 , Wierenga et al., 2008 . High-resolution image stacks 93 of GFP-labelled inhibitory axons were acquired every 10 minutes, for a total period of 150 94 minutes. We have previously shown that inhibitory boutons are highly dynamic and appear, 95 disappear and reappear during the course of hours (Schuemann et al., 2013, Wierenga et al., 96 2008). To bias our analysis towards synaptic events, we only included boutons that appeared 97 for at least 2 time points at the same location during the imaging period in our analysis 98 (Schuemann et al., 2013) . We distinguished two main classes of boutons: persistent boutons 99 were present during all time points, while non-persistent boutons were absent during one or 100 more time points during the imaging session ( Fig. 1A,B ). Persistent boutons reflect inhibitory were present for at least 90 minutes before fixation, was not different from persistent 115 boutons, indicating that nascent inhibitory synapses are able to recruit synaptic vesicles 116 within this period. On the other hand, new boutons, which were present for a shorter period 117 before fixation, showed a lower percentage of VGAT association. These data show that 118 inhibitory presynaptic boutons are dynamic structures that are continuously being formed 119 and disassembled along the axons, and suggest that non-persistent boutons reflect boutons 120 at different stages of inhibitory synapse assembly and disassembly. 147 We previously showed that inhibitory bouton dynamics are affected by neuronal activity 148 (Schuemann et al., 2013) , suggesting that the process of bouton stabilization may be 149 affected by ongoing network activity under control conditions. We therefore determined 150 whether the Sema4D-induced stabilization of inhibitory boutons depended on network 151 activity. As expected (Schuemann et al., 2013) , blocking activity with tetrodotoxin (TTX) only 152 slightly decreased overall bouton dynamics in our slices ( Fig. S1F ). However, we found that in 153 the presence of TTX Sema4D did no longer induce stabilization of inhibitory boutons, even 154 leading to a reduction in bouton stabilization compared to control ( 161 We next assessed whether Sema4D-induced bouton stabilization leads to the formation of 162 new inhibitory synapses. We first examined if longer Sema4D treatment enhances the 163 bouton stabilization effect. We compared dynamics of individual boutons during baseline 164 and after 6h treatment (400 minutes total treatment) and found that longer Sema4D 165 treatment also induced prominent bouton stabilization ( Fig. 3A) . However, the 6 h treatment 166 did not increase bouton stabilization beyond the 2 h treatment ( Fig. 3B ), suggesting that the 167 number of inhibitory boutons that can be stabilized by Sema4D is limited. In addition to 168 promoting bouton stabilization, longer treatments also induced a reduction in the density of 169 transient boutons (Fig. 3C ). This secondary effect was only revealed by analyzing the effect 170 over time, suggesting a more general reduction of dynamics as an indirect effect of 171 prolonged bouton stabilization. These results indicate that the Sema4D-induced stabilization 172 of inhibitory boutons persists, but does not further increase, with longer treatments. 173 We next asked if Sema4D-induced inhibitory bouton stabilization leads to the formation of 174 new synapses. We treated organotypic hippocampal slices with 1 nM Fc or 1nM Sema4D for 175 2, 6 and 24 h, and determined overall inhibitory synapse density by immunohistochemistry. 176 We used antibodies against presynaptic VGAT and postsynaptic gephyrin to visualize 177 inhibitory synapses ( ). In this study, we found that activation of the 306 receptor tyrosine kinase MET is required for Sema4D-induced inhibitory bouton stabilization. 307 In analogy to what has been described in non-neuronal cells, we propose that MET acts as a 
Sema4D-induced bouton stabilization relies on network activity
Sema4D-induced stabilization of inhibitory boutons precedes inhibitory synapse formation
